The ab initio prediction of new genes in eukaryotic genomes represents a difficult task, notably for the identification of complex split genes. A Physics-Based Gene Identification (PBGI) method was formulated recently (Yeramian, Gene, 255, 139-150, 151-168, 2000a,b) to address this problem, taking as a model the Plasmodium falciparum genome. Here, the predictive power of this method is put under experimental test for this genome. The presented results demonstrate the usefulness of the PBGI as a gene-identification tool for P. falciparum, notably for the discovery of new genes with no homology to known genes. Perspectives opened by this new method for other eukaryotic genomes are also mentioned.
With the completion of several large sequencing projects (Homo sapiens, Drosophila melanogaster, etc.) the correct identification of genes is now the major limiting step in genome projects, most notably for the annotation of complex eukaryotic genomes. Recently, this situation was strikingly illustrated by the controversial reports concerning the number of human genes, as well as discussions highlighting the difficulties in the identification of genes in D. melanogaster (Karlin et al., 2001) or P. falciparum (Pertea et al., 2000; Lawson et al., 2000) , etc. We report here the experimental validation of a new Physics-Based Gene Identification (PBGI) method, illustrated for the P. falciparum genome.
Most often, the identification of genes relies on homology information. When such information is not available the ab initio identification of genes can be a hazardous process, relying on various elaborate pattern-recognition models (frequently involving training steps, etc.). The limits of such approaches are becoming obvious. One possible alternative (and complementary) solution is to resort to biophysical models, describing the structural properties of the DNA template. Recently, such a PBGI method has been formulated (Yeramian, 2000a,b) , based on the study the P. falciparum genome. In the PBGI scheme the ab initio identification of genes is based on the physical property concerning the sequence-specific propensity for the opening (melting) of the double-helix, as described by the classical helix-coil transition model (Poland and Scheraga, 1970; Yeramian et al., 1990) . On methodological grounds, the implementation of realistic structural models at the level of large genomic sequences is usually not feasible. In order to be realistic, such models need to take into account long-range interactions, leading to prohibitive calculation times. In the helix-coil model, the long-range interaction concerns the physical representation ('loop-entropy') of the denaturation bubbles. By adopting a multiexponential representation (Yeramian and Claverie, 1987) of the longrange effect it is possible, in this case, to reduce by one order of magnitude the algorithmic complexity of the calculations (Fixman and Freire, 1977; Yeramian et al., 1990) . This concept can be generalized to higher-order models, with several long-range effects, leading to several million fold accelerations in the calculations (Yeramian, 1994) .
The study of cloned genes demonstrated that in P. falciparum it is possible to discriminate, in almost every case, the coding and non-coding regions on the basis of the DNA stability properties (Yeramian, 2000b) . In this discrimination coding regions, simple genes, or exons in split genes, are precisely delimited as high-stability regions. The correspondence holds for coding regions whose lengths extend, roughly, from 10 bp up to 10 000 bp (Yeramian, 2000b) . In such analyses, all the calculations are performed with a standard set of parameters. For the gene-identification scheme, the structural model per se provides only the information concerning the segmentation of a given sequence into coding and non-coding regions. For complete gene assignment, this information must be completed by classical sequence-analyses (e.g. open reading frames, identification of proper splice sites associated with the stability frontiers). As discussed in detail in Yeramian (2000b) , such a combination also allows the resolution of ambiguities when, for example, a single stability region harbours two distinct exons. In such cases, a separating intron is not detected by the physics ('missing introns'), the stability curves providing only a delimitation of the left-end frontier for one exon and the right-end frontier for the other one. It is however possible to recover the 'missing' intron by a simple Open Reading Frame (ORF) analysis (which reveals that the single stability region of the physics does not correspond to a single coding region). Of course, as in any other ab initio scheme, decisions must be made at some point whether a series of exons (as detected by the PBGI predictions) belong to a single gene, or to two consecutive genes.
P. falciparum is responsible for malaria, a world public health problem. Correctly annotating its genome is therefore important, notably for the discovery of new genes. This problem is all the more relevant as the sequence of the complete genome will become available soon. For gene-identification, this genome also represents a very interesting case study, with different chromosomes being sequenced and annotated by different groups (also at the origin of some leading gene-identification programs). For example, annotations of chromosome 2 (by the TIGR see Gardner et al., 1998) and chromosome 3 (by the Sanger Centre see Bowman et al., 1999) have already been published. The two annotation methods ('method2'-GimmerM program; Salzberg et al., 1999-for chromosome 2, and 'method3' for chromosome 3) have led to different results (notably following the re-analysis of chromosome 3 by method2; Pertea et al., 2000) . Moreover, further differences can be observed between the PBGI analyses and the published annotations (Yeramian, 2000b) . In the general perspective of difficulties associated with gene identification, it is therefore interesting to present the conclusions of the experimental testing of the PBGI predictions in the light of such cross-analyses. As reported in Pertea et al. (2000) , the original analysis of chromosome 3 by method3 missed series of genes (25 genes following Pertea et al., 2000) . However, following the PBGI results, the analysis of chromosome 2 by method2 missed a comparable number of genes (30). Most missed genes are complex ones, with a series of small exons. Indeed the identification of small exons can be difficult. This results not only in the failure to identify complex, multi-exon, genes, but also in the missing of small additional exons belonging to already identified genes.
For the experimental testing of the above conclusions, 20 illustrative examples were selected from the predictions. The choices were done at random (19 examples were picked from the 30 predictions concerning chromosome 2, plus an example from chromosome 3), but trying to retain examples from the various categories (simple genes, complex genes with many small exons, etc.). A P. falciparum 3D7 cDNA library was taken as a source of intraerythrocytic asexual and sexual stage mRNAs (Rawlings and Kaslow, 1992) , and PCR was performed on both 3D7 genomic DNA and cloned 3D7 cDNA. As expected, the cDNA library did not contain transcripts for all examples chosen, but 14 out of the 20 PCR reactions yielded amplification products. Complete sequencing was performed on 11 examples, including 3 cases for which the sizes of the transcripts did not agree with the predictions (as a self-coherency test for the accuracy of the predictions). In the latter 3 cases, where the size was discordant, the sequence revealed that the transcripts were not specific for the genes analyzed. In the 8 other cases the sequencing confirmed the predictions.
The various conclusions above are summarized by the Figure 1a , for a genomic region of chromosome 2. Various coding regions correspond to high-stability domains (helical state), as sharply delimited in the probability curves for the opening of the double-helix (five different temperatures, used throughout all the analyses of P. falciparum). The simple gene in red illustrates the agreement between the physics and the original annotation. Following the physics a small exon must be added to the gene in green (original annotation as a simple gene). The gene in blue (4 exons) corresponds to a PBGI prediction confirmed by sequencing (and missing in the annotation). All the examples in Figure 1c (6 exons) gives an insight into the accuracy of the PBGI predictions (with an indication of the discrepancies between the prediction of this gene, as reported in Yeramian (2000b) , and the experimental results, see legend). For the complex missed gene in Figure 1d (13 exons), only the first 5 exons were tested, and confirmed, experimentally. This example illustrates the situation when the physics alone is not sufficient for the complete description of the exon-intron boundaries of a gene. Indeed, the physics did not detect the intron between exons 1 and 2. However, as mentioned above, simple ORF analysis predicted the presence of the intron in the stability region harbouring exons 1 and 2. A similar situation can be observed for exons 8 and 9 (Figure 1d) . The examples in Figure 1e and f illustrate cases of missed exons for otherwise identified genes (2 exons for the gene in Figure 1e , in chromosome 2, and 9 exons for the gene in Figure 1f , in chromosome 3). Interestingly, the 9 exons in Figure 1f were missed in the original annotation and in the cross-annotation mentioned above (Pertea et al., 2000) . This figure is also illustrative for the accuracy of the PBGI predictions, with the indication of the discrepancies between the original predictions (Yeramian, 2000b) and the experimental results (see legend). The probability of helix opening is calculated along the genomic sequences [chromosome 2 in 1a-e, chromosome 3 in 1f] for various temperatures (T56 for example standing for the temperature 56 • C, the temperatures are relative to standard energetic and thermodynamic parameters for the DNA double-helix; Yeramian et al., 1990; Yeramian, 2000a) . The calculations are performed for stretches of 100 kbp [in 1a the origin is set at 700 kbp, in 1b at 800 kbp, in 1c at 400 kbp, in 1d at 600 kbp, in 1e at 500 kbp, and in 1f at 700 kbp]. The stable regions are those which remain in the helical state (probability zero to be in the coiled state). The frontiers of the coding regions are shown by vertical arrows. The corresponding uninterrupted genes, or exons, are represented by horizontal bars (in different colours). (a) Genes PFB0827c (blue: a PBGI prediction confirmed by sequencing), PFB0830w (red: database annotation) and PFB0833c (green: database annotation for the long exon, the small exon corresponds to a putative missed exon Figure 4E in Yeramian (2000b) . When differences are observed between the experimental results (exons in blue) and the predictions (exons 4-6), the predicted exons are drawn in green. The same conventions are adopted in Figure 1f . Figure 7E in Yeramian, 2000b) were confirmed by sequencing (exons in blue, also represented in green for the predictions, whenever differences are observed between predictions and experience). Annotation (rectification of the original annotation, with the adding of the 9 last exons): join (724949..732808, 732909..732980, 733057..733133, 733240..733345, 733503..733549, 733733..733747, 733875..733968, 734067..734116, 734257..734556, 734685..734737) .
Clearly gene identification is a difficult problem and various successful methods should be considered in conjunction for increasing the accuracy and reliability of the analyses and predictions. The experimental proof provided here argues that PBGI is an additional powerful tool for the annotation of the P. falciparum genome. In contrast to specialized approaches (with training methods and sets) the properties at the basis of PBGI are 'universal' (with only the temperatures used as 'probes' varying, following the gross GC contents of the genomes). Preliminary studies indicate that PBGI will be helpful in the identification of genes in a series of eukaryotic genomes (P. vivax, D. melanogaster, A. thaliana, H. sapiens, etc.) .
